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Chemical revaporisation or physical resuspension of ﬁssion product deposits from the primary circuit is
now recognised to be a major source term in the late phase of fuel degradation in a severe nuclear
accident. These results come from tests carried out under different experimental projects in the European
Commission (EC) Framework Programmes. These include the revaporisation tests carried out at the
Transuranium Institute (ITU), Karlsruhe under the Fourth Framework Programme, the Phébus FP post-
test analysis programme that examined FPT1, FPT3 and FPT4 deposits in separate-effect tests as well
as EXSI-PC tests carried out at VTT, Espoo.
The ﬁrst tests at ITU and VTT concentrated on the behaviour of caesium as a very important ﬁssion
product; this has helped detailed interpretation of the integral Phébus FP tests and has clariﬁed some
puzzling observations. Testing with Phébus FPT1 and FPT4 deposits at ITU demonstrated that revapori-
sation is a likely, rather than a possible, phenomenon with a severely degrading bundle. They have also
shown that any changes in temperature (substrate or gas), ﬂow rate or atmosphere composition or pres-
sure can lead to the volatilisation or removal of the deposited caesium. Cs was particularly easy to follow
given the high activity levels of Cs in the deposit. However further analysis of the deposits shows that
other ﬁssion products are also subject to revaporisation. In the most recent FPT3 test, the chemical anal-
ysis of the ﬁlters has enabled examination of other ﬁssion products and demonstrated that these can be
equally active in such conditions.
Further separate effect tests in the EXSI-PC facility at VTT, Espoo have also given further insight as to
the chemical reactions that major ﬁssion products (e.g. Cs, I) undergo under steam ﬂows. One important
result is the signiﬁcant fraction of iodine that was released and transported in gaseous form at rather low
circuit temperatures.
In support of the experimental data, ‘ab initio’ theoretical approaches are being used at IRSN to dem-
onstrate the interaction mechanisms of iodine and caesium vapours with typical primary circuit sub-
strates under severe accident conditions. These approaches are expected to help interpret the Phébus
FP experiments and VERCORS ﬁssion product tests as well as the CEA’s on-going ISTP-VERDON tests
under mixed air and steam conditions.
The combination of the three different research approaches will enable a much improved understand-
ing of major chemical interactions in the primary circuit and so permit a more accurate simulation of a
severe accident in primary circuits of water-cooled reactors with the ASTEC integral code, using improved
thermodynamic data in the SOPHEAROS module. This, in turn will help to reduce the uncertainties in the
anticipated source term to the environment.
 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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1.1. Revaporisation
Fission product mobility after initial deposition is a potential
threat for further spreading beyond the reactor building. Initially
it was identiﬁed as a possible mechanism for late stage ﬁssion
product release under particular conditions, such as a steam blast
causing physical resuspension of thick deposit (e.g. STORM exper-
iments in Ispra (Bujan et al., 2010). Then the aspect of chemical
revaporisation during steam ﬂow or temperature variation was
demonstrated under the 4th Framework Programme Revaporisa-
tion project for simulant CsI & CsOH deposits as well as for active
ﬁssion product deposits from the Phébus FPT1 test. Indeed analysis
of the Phébus FP experimental series have indicated that Cs reva-
porisation can be important during all core degradation stages,
for example in FPT1 (Bottomley et al., 2007) and in FPT2 (Haste
et al., 2013). These current experiments on Phébus FPT3 vertical
line deposits have now conﬁrmed that revaporisation occurs for
all ﬁssion product deposits (not just Cs) and under a wide range
of conditions.
It is therefore necessary that this phenomenon is well modelled
in severe accident analysis codes to have a reliable estimate of the
potential source term to the environment.
This paper looks at recent advances into volatile ﬁssion product
behaviour achieved under the SARNET-2 source term programme
in three aspects: (a) mixed radioactive deposits from the Phébus
project complex deposits at ITU Karlsruhe, (b) inactive testing with
controlled chemical mixtures and conditions to examine speciﬁc
mechanisms active in accident conditions (EXSI-PC facility) at
VTT Espoo, and (c) ‘ab initio’ modelling of steel surfaces in the reac-
tor primary circuit to assess the surface’s impact on the condensed
ﬁssion product chemistry at IRSN, Cadarache.1.2. Phébus Fission Product (FP) project
The Phébus FP project, was an international reactor safety pro-
ject supported by the European Commission and organised by the
Institut de Radioprotection et Sûreté Nucléaire (IRSN) (Clément
et al., 2003; von der Hardt and Tattegrain, 1992; Bottomley et al.,
2013). There was also the support of European national institutes
as well as 5 non-EU partners: Switzerland, Japan, Korea, Canada
and USA. The severe accident project was a series of 5 tests (FPT0
to FPT4) simulating different severe accident scenarios. The release
of the ﬁssion products in the rod bundle tests FPT0 to FPT3 was
then monitored as they were transported down an instrumented,
simulated primary circuit and into a model containment (10 m3
volume). The degradation was effected by reducing the steam ﬂow
rate while increasing the power of the surrounding annular reactor
core.
A series of experiments were carried out. FPT0 (Müller et al.,
2007) was the initial baseline test using a trace-irradiated fuel bun-
dle. The FPT1 bundle was carried out with an irradiated fuel bundle
(average burn-up of 23.4 GWd/tU) with a short re-irradiation for
the short-lived ﬁssion products (particularly iodine & xenon); the
bundle degradation took place under steam (Jacquemain et al.,
2000). The Phébus FPT2 bundle was degraded under more reducing
(steam-starved) conditions (Gregoire et al., 2008). FPT4 examined
the ﬁnal degradation stages by heating a debris bed of irradiated
fuel and oxidised cladding pieces (Bottomley et al., 2006). FPT3
(Payot et al., 2011) was carried out using irradiated fuel (average
burn-up 32 GWd/tU) with a B4C control rod and more reducing
conditions (lower steam ﬂow rates) as in FPT2.
In the ﬁrst part of the circuit the ﬁssion products pass up a ver-
tical line as the temperature drops from over 2000 C at the bundleexit during the ﬁnal stages of the degradation and relocation to a
ﬁxed temperature of 700 C in the hot part of the primary circuit.
This vertical line transfers the ﬂow of steam, ﬁssion products and
aerosols to the horizontal line which then passes to the steam gen-
erator in the simulated primary circuit.
Revaporisation of deposits is possible in the late stages of a
reactor accident when, for example, ﬁssion product deposits could
be subjected to steam surges (from attempted reﬂoods) or reheat-
ing (decay heat). In such conditions already-deposited ﬁssion prod-
ucts could revolatilise and travel further down the primary circuit
and so signiﬁcantly increase the source term to containment, par-
ticularly in the later stages of a severe accident (Haste et al., 2009;
Anderson et al., 2000).
Samples were selected from the upper vertical line. The FPT3
samples were approx. 2 cm thick ring sections (dia. 3 cm) and
the inner surface had deposits of ﬁssion products; this was known
from the initial c-scanning that had been performed on the vertical
line.
These sections had been transferred to ITU, Karlsruhe for reva-
porisation testing on samples of these surfaces. Similar post irradi-
ation studies on vertical line samples had been carried out on FPT1
& FPT4 samples. In FPT4 the samples were from the ThO2 ceramic
shroud just above the fuel and oxidised cladding debris bed
(Bottomley et al., 2006); these samples were exposed to conditions
considerably more extreme than the other Phébus test samples
(1000 C during the test compared to 700 C for the others).
FPT3 sample revaporisation testing at ITU as well as the additional
volatility testing of ﬁssion product materials by IRSN & VTT is
described here.2. Samples
2.1. Sampling from the vertical line
The three sampling locations from the FPT3 vertical line are
given in Fig. 1 (the bundle & vertical line diagram). The locations
are the lower vertical line (V11) that was in Ni-based Inconel
600 (T > 700 C), the upper vertical line (V14) of 304L austenitic
stainless steel (T  700 C) and near the bend (V15) at the top of
the vertical line in Inconel 600 where muchmaterial was deposited
and the activity of ﬁssion products was high.
2 cm high sections of the 3 cm diameter vertical line were fur-
ther sectioned at ITU to give samples suitable for the facility mea-
suring 5–10 mm  5–10 mm. Table 1a lists the samples along with
details of their estimated Cs-137 activity. Table 1b shows the com-
position of the Inconel 600 alloy for the V11 & V15 samples and the
AISI 304L stainless steel of the V14 sample. Cs-134 and Cs-137
were the main components of their measurable activity and were
estimated to constitute over 97% of the total measured gamma
activity.2.2. Sample cutting
In Fig. 2 one can see the V11 sample from the lower vertical line
(of Inconel 600) after cutting. There was a black adherent deposit
on the inside of the vertical line. Some of this detached during
the cutting work which required considerable handling of the sam-
ples in order to cut them down to the right size. This cutting also
resulted in loss of deposit. Where the deposit had become
detached then the inner surface sometimes had an iridescent col-
ouration due to a thin oxide ﬁlm.
The V14 samples were of AISI 304L stainless steel and were
from the upper vertical line. The V15 samples were Inconel 600
and came from the bend at the top of the vertical line where there
was a thick black deposit, much of which detached from the
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Fig. 1. Sample cuts on FPT3 vertical line and bundle.
Table 1a
Summary of positions and activities of FPT3 vertical line samples (Bottomley et al., 2012).
FPT3 Vertical line sample activities (MBq) (measurement date: February 2005)
Sample Material Position (mm) Cs-134 Cs-137 Total activity
3V0-V15 Bend – Inconel 600 3530 to 3550 1990 58,100 60,100
3V0-V14 AISI 304L stainless steel 3650 to 3670 201 5550 5750
3V0-V11 Inconel 600 3778 to 3798 143 4840 4980
Table 1b
Composition of the stainless steel and Inconel alloys of FPT3 vertical line (Bottomley et al., 2012).
Alloy Fe Ni Cr C Mn S Si
Inconel 600 6–10 Bal. 14–17 <0.15 <1 0.015 0.5 Cu < 0.5 Co < 0.3
AISI 304L Bal. 8–11 18–20 <0.03 <2 0.015 0.75 P = 0.04
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Fig. 2. Overview of V11 Inconel 600 samples cut from the vertical line.
Fig. 3. Two sorts of deposit that had become detached from the V15 surface: a light
(or yellow) powder and a black powder.
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(Fig. 3).
2.3. Revaporisation facility
This ITU facility consists of a shielded high temperature furnace
provided with 5 cm lead brick shielding and placed inside a glove
box (see Fig. 4). The furnace is particularly compact and the whole
facility was designed by VTT speciﬁcally for such revaporisation
tests (Anderson et al., 2000; Auvinen, 2010).
The steam generator has a steam ﬂow of 164 g h1 (delivered at
approx. 160 C and 4.2 bar pressure) that may be mixed with other
gases before reheating and passing over the sample lying on a sam-
ple holder in a stainless steel tube placed in the tube furnace. It
then passes through a diluter where it is evenly mixed by means
of a large ﬂow of nitrogen (140 Nl mn1 at 0.7–0.9 bar pressure1)1 Nl is a normal litre -i.e. a litre at 25 C and 1 bar pressure.entering through the porous outer wall of the gas line to cool it down
so that the vapours are condensed to aerosols, but held airborne (due
to the turbulent gas ﬂow) and do not deposit out in the dilutor. This
cooled gas ﬂow (there is too large a volume of dilutant N2 to cause
any steam condensation) then passes through a high ﬂow rate ﬁlter
to capture any aerosols in the gas. The gas ﬂow over the sample, fur-
nace and through the diluter is assured by means of a vacuum pump.
This exhausts the gas over a ﬁnal ﬁlter into the glove box ventilation
system. The pressure over the sample is slightly below atmospheric
pressure (for steam 150–70 mbar under-pressure).
The sample is mounted on a specimen holder. The position of
the detector for monitoring the activity during the revaporisation
test is checked before starting. The sample is initially heated up
(at 10 C min1) under a nitrogen ﬂow (3 Nl min1 at 3.5 bar)
until the temperature of 300 C has been reached, then it remains
at 300 C for 10 min to allow it to be switched over to steam ﬂow
at 164 g h1 at 4.2 bar (with the furnace and sample at 300 C
there is no condensation). Then it is heated to 1000 C at
2 C min1 and maintains this temperature for 1 h. This slow
heating is to maintain the sample at close to equilibrium condi-
tions. The sample then is allowed to cool to room temperature
at 10 C min1 (at temperatures below 500 C this cooling is
noticeably slower but this has little inﬂuence on the revaporisa-
tion kinetics). Upon sample cooling to 300 C there is another pla-
teau of 10 min; the steam ﬂow is stopped and replaced with N2
ﬂow to provide further cooling without causing steam condensa-
tion on the sample.
The gamma spectrometer takes a spectrum every minute (using
a 10  10 mm collimator) and monitors the fall in the sample
activity at 661 keV (i.e. it follows the Cs-137 loss by revaporisa-
tion). This normally takes 9 h and represents a total of 540 spectra.
After the test, the entire length of the gas line (furnace tube, dilutor
and ﬁlter) is scanned by the gamma spectrometer (using a
1  25 mm collimator to enable a good measurement of the full
width of the furnace tube, diluter & ﬁlter cartridge). The scans were
usually taken every 5 mm for a total length of 1 m and involve
150–200 measurements. Finally, the sample is removed and a ﬁnal
short scan of the furnace was done to check residual contamination
of the furnace wall. These scans enabled the Cs-137 activity distri-
bution to be checked and to make a post-test mass balance of the
deposits. The cold outlet of the stainless steel furnace tube gradu-
ally accumulated Cs-137 activity.
The ﬁlters are removed and the deposits dissolved ﬁrst in dis-
tilled water and then mixed acid (7 M HNO3/0.5 M HF), both at
50 C for 3 h. In some dissolutions where large amounts of NO2
fumes were seen evolving from the solution, the acid dissolution
of metallic specimens was shorter than 3 h, but not less than
1.5 h. These solutions were then diluted by various factors (103
to 106) for analysis by inductively coupled plasma-mass spec-
troscopy (ICP-MS). This enabled the revaporisation of other ele-
ments to be determined. The samples (on holders) are removed
and kept for further post-test analyses. These included chemical
analyses of the substrates after revaporisation heating and chemi-
cal analyses of selected samples of the vertical line before testing
and Knudsen cell testing of the as-received deposits scraped off
the vertical line.3. Test results
A full description of revaporisation test 2 will be given as an
example below, thereafter the table summarising the results will
be given as a background to the chemical analyses and their dis-
cussion. More details of these tests and a discussion of the results
are given in Anderson et al. (2000) and Bottomley et al. (2012).
Fig. 4. Schematic plan of the revaporisation facility, showing steam supply to furnace, diluter and ﬁlter with a scanning gamma detector mounted above. The gamma detector
monitors loss of activity of Cs-137 during heat-up (revaporisation) and scans the installation afterwards to check the post-test Cs-137 distribution (Anderson et al., 2000;
Bottomley et al., 2012).
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The sample for test 2 was V11-II with an estimated activity of
1.3 mSv h1 (contact). This was tested under a slightly reducing
atmosphere of 55%H2/45%steam (steam ﬂow rate was 164 g
h1 = 3.4 Nl min1) delivered at 4.2 bar in its gas line and H2 ﬂow
rate was 4 Nl min1 delivered at 1.8 bar in its separate gas line: this
gives a total ﬂow rate of about 7.4 Nl min1.
The sample was heated up under N2 ﬂow of 3.5 Nl min1
(at 3–4 bar) to 300 C at 10 C min1. Then, during a 10 min. pla-
teau, the gas ﬂow was switched to a steam/hydrogen mix before
the programme resumed with a slow ramp to 1000 C at
2 C min1. After 1 h at 1000 C the sample was cooled at
10 C min1 to 300 C where there was a gas change back to N2
ﬂow (again at 3.5 Nl min1 at 3–4 bar) to avoid condensation of
steam on the sample (Fig. 5). A steady loss of activity from
800 C onwards is observed, this ends just after the 1000 C plateau
has been reached. The total revaporisation is 70% leaving 30%
Cs-137 activity still on the sample. Here the revaporisation rate
between temperatures 800 C and 1000 C is 0.35%/C (or just
0.30%/C for the actual ramp).
The post-test scanning showed that the facility operated suc-
cessfully with most of the Cs-137 activity recovered on the ﬁlter
at the exit. A build-up of Cs-137 activity at the cold zone between
furnace and diluter was seen. There was very little on the furnace
tube at the hot zone downstream of the sample holder.
The specimens condition before and after the revaporisation
testing is also illustrated in Fig. 6. Again the corrosion of the sampleholder is clearly seen, but the deposit remains black in appearance.
The specimen holder also appears less oxidised under this mixed
H2/steam atmosphere than in the previous test under pure steam.
3.2. Summary of revaporisation test results
The test matrix demonstrated the effects of various atmo-
spheres and their combinations, as well as heating rate and the
effect of pressure. This, together with the previous testing cam-
paigns (Anderson et al., 2000; Knoche et al., 2004), gives a broad
overview of the extent and kinetics of Cs-137 revaporisation from
various surfaces in conditions of a severe accident. The results are
summarised in Table 2.
Between 70% and 95% of the deposits of Cs-137 from mixed ﬁs-
sion product deposits from the Phébus FPT3 vertical line will
revaporise under atmospheres of different oxygen potentials.
These were very adherent deposits and oxide layers, given that
some of the deposit was clearly detached from the samples during
cutting. This loss of (some of the) outer deposit implies that the
total revaporisation ﬁgure could be underestimated. The extremely
rapid revaporisation seen in test 7 at 700 C under Ar–6.5%H2 may
represent such initial thick deposit behaviour.
A sample of the V11 vertical line was embedded and polished to
examine the deposit in cross-section, unfortunately the deposits
generally appeared to be very thin (<1 lm) with only occasional
thicker areas (5 lm). As pointed out earlier the outer plasma
sprayed Ni coating of the vertical line (added for safety reasons)
was extremely hard and the cutting involved much vibration
Fig. 5. Loss of 137Cs activity of the V11-II vertical line sample during normal (slow) ramping to 1000 C under ﬂowing mixed 55%H2/45%steam atmosphere.
    (a)            (b) 
specimenspecimen
ceramic glue
Specimen holder 
Specimen 
holder 
Fig. 6. Sample V11-II appearance (a) prior to testing, and (b) after testing at 1000 C in ﬂowing 55% hydrogen/45% steam mix.
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(where there was no nickel coating and simple diamond blade cut-
ting was possible, samples with deposit thickness of 30–100 lm
were seen with distinct layers (Bottomley et al., 2000). Comparison
of the initial dose rates of the ﬁrst cuts 50 mSv h1 for 1cm2 sample
and the subsequent dose rates of the ﬁnal samples cut 6 mSv h1/
0.7cm2, would suggest that a loss of about 80% of the Cs-137 con-
tent; assuming Cs-137 is uniformly distributed (both in position
and in thickness) in the deposit, then three-quarters (or more) of
the thickness may have been lost. The Cs being observed here is
likely to be from the base deposited during the early degradation
phases. In consequence this layer would have been the longest in
contact with the steel surface and to react or diffuse into the thin
oxide layer. These results of their volatility show that this surface
deposit remains sensitive and capable of reacting to the overlying
atmosphere and temperature conditions even after long deposition
times (Jacquemain et al., 2000).
The lower revaporisation results of 70% (such as in test 2) are
similar to tests of deposits on porous ceramics from the Phébus
FPT4 plenum. Here it was attributed to diffusion controlled release
from the porous ThO2 ceramic (Knoche et al., 2004). In this case it
could be diffusion limitation through the oxide layer or Cs-137
exhaustion in the surface deposit.
Revaporisation will normally start under equilibrium conditions
in steam atmosphere at 550 C, but may be delayed by fast ramp-
ing (15 C min1) in steam to 700–800 C; however on reaching
this temperature the revaporisation is then twice as fast (0.32%/
C or 3.5% min1 compared to 0.15%/C or 0.29% min1 under ‘equi-
librium’ conditions).Revaporisation is usually completed under equilibrium condi-
tions upon reaching 1000 C. In air the V11 sample was only tested
to 900 C, but it was noted that revaporisation continued during
the hold time and that the process was not completed. The total
revaporisation would be higher in air up to 1000 C; but the upper
limit for revaporisation at 1000 C probably is also true for air
atmosphere.
The effect of sample surface oxide (e.g. stainless steel oxide ver-
sus Ni-based Inconel surface oxide) could not be distinguished and
probably only plays a minor role in the revaporisation process. Dif-
ferences in the amount of deposit could play a bigger role by
changing the kinetics as deposits become exhausted at different
times.
With V1 surface deposit under steam atmospheres (tests 1
(fast) and 3 (normal)) there was a single revaporisation stage
(520–1000 C) whereas there were two stages of revaporisation
with V15 under steam (test 5) at 620 C to 840 C and 840–
1000 C. The revaporisation rate was at 0.14%/C from 520 to
1000 C for V11 (test 3) and for V15 it was very similar at 0.15%/
C (test 5). However above 840 C for V15 the rate accelerated to
0.35%/C. This suggests different deposits for V15 and V11; V15
deposits were thicker, being situated at the bend of the vertical
line. Comparison of the slow revaporisation in test 4bis under
reducing Ar–6.5%H2 for V14 and the instantaneous revaporisation
of the Cs deposits in test 7 for V11 also suggests that the deposits
from each location can differ.
Revaporisation under a combined steam/hydrogen atmospheres
(test 2) appears to delay the onset of revaporisation to nearly
800 C compared to 520 C under steam ﬂow (test 3), but then it
Table 2
Summary of Cs-137 volatilisation rates and conditions of revaporisation tests of deposits from the FPT3 vertical line.
Expt no. Sample Conditions Revaporisation Conditions Revaporisation rates
(Activities measured at contact) Temp/atmosphere Start temp./end temp./Time/% revap 1st/2nd/total %activity/C
Total revap.%
Revap 1 V11-I 1000 C/steam (fast) 780 C/1000 C/20 mins/70% 0.32%/C
2.0 mSv/h1 1000 C/40 mins/20%
Total revaporisation 90% Tot: 0.41%/C
Revap 2 V11-II 1000 C/45%steam-55%H2 800 C/1000 C/130 mins/70% 0.35%/C
1.3 mSv/h1
Revap 3 V11-III 1000 C/steam (normal) 520 C/1000 C/240 mins/67% 0.14%/C
2.1 mSv/h1
Revap 4bis V14-B (a) Steam/700 C (a) 550 C/700 C/70 mins/13% 0.09%/C
1.8 mSv/h1 (b) Ar–6.5%H2/700–1000 C (b) 800 C/1000 C/120 min/37% 0.19%/C
(c) 1000 C/10%
Total revaporisation: 60% Tot: 0.13%/C
Revap 5 V15 1000 C/steam (a) 620 C/840 C/105 mins/32% 0.15%/C
3 mSv/h1 (b) 840 C/1000 C/80 mins/56% 0.35%/C
Total revaporisation: 88% Tot: 0.23%/C
Revap 6 V11-IX (a) <700 C low pres, (a) 550 C/670 C/65 mins/51% 0.42%/C
6 mSv/h1 (b) 700–1000 C/(Ar–6.5%H2) (b) 700/1000 C/220 mins/40% 0.13%/C
Total revaporisation: 91% Tot: 0.20%/C
Revap 7 V11-X Steam to 700 C/(Ar–6.5%H2) to 1000 C & cool down (a) 300 C/700 C/230 mins/15% 0.04%/C
6–8 mSv/h1 (b) 700 C/<3 min/60% Very high
(c) 700 C/1000 C/200 mins/15% 0.05%/C
Total revaporisation: 90%
Revap 8 V11-XI 900 C/Air (a) 300 C/570 C/160 mins/7% 0.03%/C
8 mSv/h1 (b) 610 C/730 C/85 min/70% 0.58%/C
(c) 730 C/900 C/170 mins/14% 0.09%/C
Total revaporisation: 91% Tot: 0.15%/C
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ilar revaporisation proﬁle to that of steam with rapid heat-up rate.
Revaporisation in air (test 8) for V11 Inconel sample appears to
produce some revaporisation at low temperatures (7% was lost
between 300 and 570 C), then between 610 and 730 C the reva-
porisation rate was high at 0.58%/C, 4 times higher than under
steam (0.14%/C for V11-Test 3) or nearly twice as fast as under
steam/55%H2 (0.35%/C for V11-test 2). 300 C is the lowest start-
ing temperature for revaporisation that has been observed and
suggests that the deposit is already reacting (oxidising) to form a
more volatile species. The later rapid (610–730 C) and slower
stages (above 730 C) of revaporisation suggest there could be
two chemical species of differing volatility.
Comparison of the different atmospheres, air, steam, steam/
55%H2, Ar–6.5%H2 for the V11 Inconel 600 samples indicate that
steam appears to have the slowest revaporisation under equilib-
rium conditions, followed by steam/55%H2 then Ar–6.5%H2 and air.
However, the switch from steam to Ar–6.5%H2 at 700 C with
V11 in test 7 showed the most dramatic revaporisation with nearly
half the remaining deposit revaporising within 1 min and 60% of
the total deposit within 7 min of the changeover. V14 in test 4bis
demonstrated the same behaviour qualitatively, but the accelera-
tion of volatilisation after switching to Ar–6.5%H2 from steam
atmosphere was very slow.4. Inductively coupled plasma-mass spectroscopy (ICP-MS)
results
4.1. Analysis of ﬁlters
The results are given in summary in Table 3 by water dissolu-
tion and acid dissolution, then as total amounts.
There are ﬁrstly substrate materials such as Ni, Cr, and Fe but
also Cu, Mn and Zn: particularly Zn was present in large quantities:
380–1400 lg in water leaches, but 6100–7550 lg in acid leaches,
suggesting a presence in the quartz ﬁlters as with Ba in the ﬁbreof the ﬁlters (see next section). Also similar amounts of B were
found in all the leachates (220–410 lg); this appeared to be more
than would be expected from pick-up from borosilicate glassware.
There were also traces of thermocouple elements such asW and Re,
with the latter up to 100 lg, while theWwas in trace quantities. Pb
was also detected probably as contamination from the hot cell.
The main ﬁssion products in terms of masses are Te (0.7–56 lg
in water and 5–123 lg in acid) and Cs (at 0.6–25 lg in water and
2.2–58 lg in acid). Fission product Cs has been estimated as
2  Cs-133; it has been difﬁcult to be accurate as the neighbouring
natural Ba (i.e. Ba-137) is present in very large quantities (12,000–
29,000 lg) as it is a component of the quartz ﬁlter. Fission product
Rb was also seen in small quantities (0.4–2.5 lg in water and 0.5–
5.0 lg in acid), slightly smaller amounts of natural Rb were also
noted (e.g. 0.4–1.5 lg in acid).
Quite noticeable amounts of Mo both natural and from ﬁssion
were detected in the ﬁlters; the ﬁssion product Mo was observed
in most solutions while natural Mo was found in all ﬁlter solutions,
water and acid. There were approximately equal quantities of ﬁs-
sion product and natural Mo (0.3–25 lg in water and 1.2–18 lg
in the acid leaches). The similar amounts present in acid and water
rinses suggest that the ﬁssion product Mo (and probably the natu-
ral Mo) is in a soluble form such as a molybdate. The natural Mo
may be a low level component of the Inconel 600 or the 304L stain-
less steel of the substrate. Both sources of material appear to
revaporise similarly. Very small amounts, just at the limit of detec-
tion, of Tc-99 were noted (0.1–2.0 lg in both leaches).
Some natural Zr was noted from cladding material and also
ﬁssion product Zr-93 in the acid dissolutions at the trace level of
0.4–1.1 lg.
Considerable amounts of natural Ba were observed as well as
some Sr (probably natural component of the ﬁlters; both are alka-
line earth metals); the amounts of natural Ba made detection of ﬁs-
sion Cs difﬁcult; by contrast it is clear that there was little or no
ﬁssion product Sr-88 detectable. Both natural and ﬁssion product
Ag were observed, mainly in the acid washes indicating an
insoluble form (perhaps metallic Ag). The ﬁssion product Ag was
Table 3
Analyses of the ﬁlters from the revaporisation tests 1–8 given as total ﬁlter deposit dissolved by water & acid (as lg on the ﬁlter). Details of the isotopes used for determination of the amounts is also given.
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The distribution of natural Ag and ﬁssion product Ag was quite var-
iable between the ﬁlters (and suggested different origins). The
source of the natural Ag is unclear as FPT3 test had B4C absorber.
Ru, Rh, or Pd was absent in any dissolutions, however only
0.44% Ru was transported from the FPT3 bundle so it may be too
small a fraction to be observed (Jacquemain et al., 2000), although
it has shown more volatility in the VERCORS tests in CEA (Pontillon
and Ducros, 2010a) and been observed on the ﬁlters there. For Y,
Cd and Sn, only natural isotopes were observed, no ﬁssion product
isotopes. These were noted mainly in acid dissolutions for Y (12–
14 lg in acid dissolutions). More natural Sn was measured in the
water dissolutions (4 lg) than in the acid dissolutions (0.7–4 lg).
The natural Sn is also from the bundle cladding material. Sb was
also noted in trace amounts in the water dissolutions (0.2–0.6 lg).
Traces of the rare earths such as Ce and La were noted, princi-
pally in the acid dissolutions (4–5 lg of Ce and 2 lg of La).
Finally low levels of U were noted at 4–6 lg in the water and
acid dissolutions. Pu isotopes (239 & 240) were also at low levels
in the acid dissolutions (0.4–3.5 lg). On the Revap test 6 ﬁlter
there was a large amount of actinides; in addition to the U
(57 lg), also 6.1 lg of Pu 239 + 240 and 0.1 lg of Np-237. Possibly
a few small fuel particles were still present on the deposit and
were carried over on to the ﬁlter. The variation of U in the deposit
of the ﬁlter does not correlate clearly with the test atmosphere.
ForZr, therewereverysmall traces in thewaterdissolutions,while
nothing was observed in the acid dissolution. However, it was
observed that therewas a very high Zr background in the acid blanks,
so that low levels would not have been observable. However this
involatile behaviour of Zr is in accordance with its behaviour seen
in Phébus PF and VERCORS tests (Gregoire et al., 2008; Bottomley
et al., 2006; Pontillon et al., 2010; Gallais-During et al., 2012).
4.2. Comparison of ﬁlter and substrate analyses
The results of analyses from the substrate samples and ﬁlters
have been compiled and set out in Table 4. The samples analysed
were 3 samples of substrate with deposit before testing for V11
(V11-IIII), V14 (V14-A) and V15 (V15-powder). The remaining
deposits from 2 V11 samples and one V14 sample were analysed
after testing. The test conditions were as follows:
 sample V14-B after revaporisation test 4bis under Ar–6.5%H2
from 300 to 1000 C;
 sample V11-X after revaporisation test 7 under steam to 700 C,
then Ar–6.5%H2 to 1000 C;
 sample V11-XI after revaporisation test 8 under air from 300 C
to 900 C.
There are a number of large differences due to the origin of the
samples. Thus the comparison between analyses of samples, even
from the same area of V11, V14 or V15 will always be subject to
the local differences in deposit composition between non-revapor-
ised samples and revaporised samples.
The substrate elements (Fe, Ni, Cr, Cu, Mn) dominated in all the
sample analyses where the deposit was still adhering to the sub-
strate. Thus the Fe and Ni would be in hundreds of lg for the ﬁlters
but were thousands if not tens of thousands of lg in the substrate
samples. The V15 sample was a powder detached from the sample
and so had much less substrate metals present. The main substrate
component of V15 was Ni which is consistent with the V15 having
a Ni-based Inconel 600 substrate; for the V14 sample with stainless
steel substrate the Fe amount was about twice that of Ni. Zn was
found in large quantities in the ﬁlter samples but not in the sub-
strate samples, so Zn must be a component of the quartz ﬁlter as
is the Ba (>105 lg of natural Ba). The Cs-137 peak was obscuredby natural Ba-137, thus Cs was approximately estimated in the ﬁl-
ter analyses by doubling the Cs-133 peak counts.
Boron was found in very large quantities in the deposit (by a
factor 10 more than on the ﬁlters). In fact, even after subtracting
the substrate (ferrous) materials, B is 90–98% of the deposit. From
this considerable B, there is a small amount (e.g. 10%) that revap-
orises, leaving large amount of B present on the sample surfaces.
The quantities of B detected far exceed any ‘pick-up’ from borosil-
icate glassware. Even for the ﬁlter analyses, B represents over 50%
of the total deposit (56–95%). The relatively low volatility of the B
for certain oxidising tests seems surprising.
The presence of hot cell contamination is seen with amounts of
Pb in the substrates; this comes from keeping samples in Pb con-
tainers; however the higher levels of Pb in the ﬁlters suggest that
there is also Pb present in the ﬁlters. Thermocouple elements W
and Re were also observed particularly on the ﬁlters and Re
appears to be susceptible to revolatilisation (W less so). Practically
only natural Zr that was present in small amounts in the deposits.
No Zr was found in any quantity on the ﬁlters and this conﬁrms its
involatile behaviour. Only natural Sr (from the Zircaloy cladding)
was observed; Sb was also only of natural origin. Very small traces
of Ag in both irradiated and natural forms were found (although
the origin of natural Ag is unclear). Natural Mo from the substrate,
as well as large amounts of Ba (for Cs determination), but also
some Sr, Pb and Zn from the ﬁlter hindered the analysis.
It is also noted that the original substrates have higher amounts
of U (and also sometimes Np and Pu). Less U is found on surfaces
after testing and U is present in small quantities in the ﬁlters.
The Pu is generally found at 1/10th of the level of U on ﬁlters
(and substrate) and does not indicate any separation although this
would be difﬁcult to prove at these levels. The U distribution on the
ﬁlters indicates either that U has a limited volatility under a range
of conditions, or that there is a small carryover effect of small U-
rich fuel particles during the test. U revaporisation under mixed
conditions in Test 4bis (steam to 700 C then reducing Ar–6.5%H2
to 1000 C) appeared to be greater than under air (test 8) or steam
(test 1), which is contrary to the expectation of U oxides volatilis-
ing under very oxidising conditions, such as air. This suggests that
fuel particles reach the vertical line deposit and can be resus-
pended from this deposit; possibly both phenomena are occurring.
Small traces of rare earths (La, Ce) and Pd were seen in deposits
from the V14 and V15 locations and could be also a result of
carry-over rather than volatility. Nevertheless some volatility of
rare earth ﬁssion products (La and Ce) has been conﬁrmed in the
VERCORS tests (Pontillon and Ducros, 2010b).
No ﬁssion product Sr (Sr-88) could be detected in the substrate
samples nor was there any ﬁssion product Zr-93. Natural Mo was
also found in the substrate specimen, but this is to be expected as
Mo could be a trace metal in the Inconel and stainless steel. By con-
trast, ﬁssion product Mo was also clearly observed and was one of
the main ﬁssion products in revaporised material in the ﬁlters
and in the substrates of the V15 locations. The V14 location showed
very little ﬁssion product Mo, although it is not clear why.
The main ﬁssion products appear to be Te and Cs: these are
major components of the ﬁssion product both for the substrate
deposits as well as for the ﬁlters. Te is generally found in larger
quantities on the ﬁlters than on the post-test samples and indicates
that substantial amounts revaporise by 1000 C. It has a similar dis-
tribution to that of ﬁssion product Cs; being very susceptible to
revaporisation for all conditions tested. Te is present in similar if
not larger quantities than Cs. The revaporisation of Cs and Te
appears to be lower for the steam–reducing conditions (tests 4bis
and 7) than for steam (test 1) or air conditions (test 8). The Cs
and Te also appeared to be a major component of the V15 ﬁlter
and greater than that found in the deposit powder. The lack of ﬁs-
sion product Cs & Te may be due to the fact that this sample was
Table 4
Comparison of ICP-MS results from the ﬁlters and the substrate deposits for V11, V14 and V15 samples by weight (lg).
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mised earlier for Cs in Section 3.2) is in the basal deposits that
remain ﬁrmly attached to the substrate. VERCORS tests have shown
Te and Cs volatilisation from fuel is almost complete by 2000 C
under most atmospheres (Pontillon and Ducros, 2010a). Tc-99
showed a similar behaviour to Te and Cs but in very low quantities.
Mo did not appear in general to be as volatile as Cs or Te. This
may be the result of the more reducing conditions in 2 cases (test
1–steam and test 7–steamwith Ar–6.5%H2), but even in test 5 under
steam for V15 it does not seem to be very volatile. However ﬁssion
productMo displayed a range of volatility in the tests comparing ﬁl-
ter and post-test substrate results: only 14% revaporisation under
steam/reducing (test 7); then 60% under steam (test 1) and then
82% under air (test 8) from the V11 deposits. Cs and Te showed
95% revaporisation under air in test 8. Also in the V15 deposit
there was more Mo found in the ﬁlter than in the original powder
from the deposit. The surface area from which the powder came is
not known so comparison of the two measurements is difﬁcult,
but the fact thatmore is found in the ﬁlter indicates a volatile nature
under steam. The natural Mo displayed very similar volatility as the
ﬁssion product Mo. Mo was not found either on the V14 original
deposit, or the ﬁlter and substrate after testing; possibly ﬁssion
product Mo deposited at other locations compared to Cs and Te.
4.3. Summary of the deposit and ﬁlter analyses
The substrate and ﬁlter analyses showed that there were large
amounts of Cs and Te present on the substrates and clearly indi-
cated that Te, Cs and Mo can also revaporise to a large degree
under the various atmospheres. Tc was also observed to revolati-
lise in the same circumstances. Qualitatively the same can be said
of Sb, as well as Sn, Ag and Cd, but, because of the low levels and
inherent variation in local composition, it is difﬁcult to draw more
information. U and other actinides (Pu and Np in trace quantities)
were also analysed and they appear to be the result of small fuel
particles from the deposit rather than true volatilisation as there
was no great change in volatility under air atmospheres as would
be expected for UO2.
It is not possible to determine at what temperatures key ﬁssion
products such as Te and Mo revaporise or measure their kinetics.
But there was a general increase in volatility for Te, Cs and Mo
under oxidising conditions compared to reducing conditions.
Future testing will try to characterise aerosol releases at different
temperature domains to assess revaporisation onsets for these ﬁs-
sion products.
Large amounts of boron were also seen in the deposits, but
these were not very volatile and usually poorly water soluble, nev-
ertheless revaporisation is observed and with the large amounts of
boron present in emergency core cooling systems as neutron
absorber, it can dramatically alter the ﬁssion product chemistry
and its voluminous deposits could also cause blockages in the
small diameter piping. The results also indicate that boron revapo-
rises as an oxide (e.g. B2O3) at the same temperature range.
Very low traces of rare earths were also noted on the ﬁlters;
they may also have been carried in small quantities with U as a
matrix element as they are considered non-volatile.
The Knudsen cell testing also indicated a low-temperature vol-
atility of the vertical line ﬁssion product deposits under vacuum
conditions. In the V11 deposit Cs-133 and 137 appear under vac-
uum to volatilise at about 770–1070 C. There was a large release
in this temperature range under vacuum in which many other
major ﬁssion products were also released. The results also indicate
that boron revaporises as an oxide (e.g. as B2O3) at similar temper-
atures (770–1070 C).
In general the revaporisation results are in line with those from
other facilities such as VERCORS (Pontillon et al., 2010) and thesubsequent facility VERDON (Gallais-During et al., 2012) and pro-
vide a valuable source of comparison and understanding of ﬁssion
product behaviour under complex conditions.5. EXSI-PC tests
The EXSI (EXperimental Study on Iodine chemistry) facility was
designed and built at VTT Technical Research Centre of Finland to
study the behaviour of ﬁssion products (FPs) in primary circuit
(EXSI-PC set-up) and containment conditions (EXSI-CONT set-up).
The main focus in the VTT studies has been the chemistry of iodine
(Kärkelä et al., 2009; Holm et al., 2010).
The experimental work with the EXSI-PC set-up has concen-
trated on the study of FP reactions on primary circuit surfaces.
The effect of control rod materials on the transport and speciation
of FPs has also been investigated. The possible inﬂuence of surface
reactions on e.g. iodine speciation has a direct effect on nuclear
safety. At the moment, they are not considered at all in the analysis
of severe accidents.
5.1. Experimental facility
The EXSI-PC set-up is schematically presented in Fig. 7.
The FP precursor in a powder form is placed inside a stainless
steel crucible which is pre-oxidised. The crucible simulates the sur-
face of the primary circuit. The crucible is placed into the reaction
furnace heated to 400 C, 550 C or 650 C. The surface reactions
and the evaporation of precursor materials take place in a gas ﬂow
which is a mixture of argon, steam and hydrogen.
The volume fraction of hydrogen in the gas ﬂow is varied during
the test. The reaction products are transported to a two-stage
diluter, where the gaseous and aerosol samples are diluted and
quenched with minor losses.
After the dilution stage, aerosol reaction products are collected
on a Teﬂon plane ﬁlter at 120 C and gaseous species are trapped
in a mixture of 0.2 M NaOH and 0.02 M Na2S2O3 water solution at
room temperature. The identical sampling lines enable three sam-
plings during one test. The collected samples are analysed with
Inductively Coupled Plasma Mass Spectrometer (ICP-MS). In addi-
tion, gaseous reaction products are analysed on-line during the test
with Fourier Transform InfraRed (FTIR) and the properties of aero-
sol particles in a gas phase are monitored with Scanning Mobility
Particle Sizer (SMPS), Electrical Low Pressure Impactor (ELPI) as
well as with Tapered Element Oscillating Microbalance (TEOM).
Furthermore, aerosol particles are also collected with a suction
sampler on a copper/carbon grid. The grid is analysed with Scan-
ning Electron Microscope (SEM), and in some cases with Transmis-
sion Electron Microscope (TEM), in order to ﬁnd out the elemental
composition and the morphology of particles. The EXSI facility can
be controlled remotely with a computer, which is necessary e.g. in
tests with a high concentration of hydrogen. The detailed descrip-
tion of the facility is presented in Kärkelä and Auvinen (2009).
5.2. EXSI-PC test results
As the experimental work has currently focused on the chemis-
try of iodine, the source of iodine has mainly been caesium iodide
(CsI) powder. The precursor has been mixed with boron oxide
(B2O3), molybdenum oxide (MoO3) or silver (Ag) powder in some
tests. The mixture simulates a ﬁssion product deposit with e.g. a
control rod residue on the primary circuit surface (Kalilainen
et al., 2012, 2014).
In a reference experiment with a CsI precursor in an alumina
crucible at 650 C, iodine was mostly transported as CsI particles.
Nevertheless, 34% of the transported iodine was still transported
Fig. 7. Schematic plan of the EXSI-PC facility, showing reaction furnace, sampling furnace with aerosol ﬁlters, gas traps and on-line measurement devices.
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gas was increased, the mass concentration of the transported gas-
eous iodine decreased by 98% whereas the mass concentration of
CsI particles increased by 44%. When the temperature of the reac-
tion furnace was decreased from 650 C to 550 C, the transport of
iodine-containing aerosol particles dropped to only 1% and the
overall release of iodine dropped to 5%.
When the CsI precursor was mixed with Ag at 650 C, iodine
was mainly transported as aerosol particles that were most likely
to be a mixture of CsI with a low amount of AgI. When temperature
was decreased to 400 C, practically no aerosol particles were
observed on the ﬁlters. Instead 99% of detected iodine was trans-
ported in gaseous form. A similar phenomenon was also observed
when CsI + MoO3 precursor was vaporised at 400 C. To summarise
all tests, iodine seemed to be transported mainly in gaseous form
at low temperature regardless of the precursor mixtures used.
When CsI was mixed with B2O3, it was found that boron oxide
reacted with caesium iodide within the pre-oxidised stainless steel
crucible. As a result, a solid glassy compound was observed which
was most likely to be a ‘‘caesium-borate glass’’. This reaction can
also happen during a severe accident and therefore it may cause
narrowing or blockages inside the circuit. The transported gaseous
iodine fractionwas approximately 98%. The high fraction of gaseous
iodine release was caused by the boron trapping most of the cae-
sium inside the crucible. Boron was also detected on aerosol ﬁlters
and in gas traps. Probably, boron had transported as boric acid.
5.3. Summary of EXSI-PC results
Thus gaseous iodine releases appear to be more important at
400 C or below, above 550 C iodine reactions with other ﬁssion
products such Cs, Ag or Mo appear to be more important in trans-
port. The boron reacts with Cs to form a glassy compound (borate?)and can therefore enable iodine to volatilise as a vapour. The
results also indicate that boron revaporises as an oxide (e.g.
B2O3) in the same temperature range.6. Modelling studies
6.1. Background
All these data show the importance of the revaporisation of ﬁs-
sion product deposits and provide the proof of its existence. How-
ever, more information is needed to build a reliable model able to
simulate FP revaporisation processes. Currently, in the ASTEC
severe accident modelling code (Van Dorsselaere et al., 2009), reva-
porisation inside the reactor coolant system (RCS) is only governed
by the partial pressure of the deposited molecule onto the surfaces,
chemical reactivity is not taken into account owing to lack of data.
To gain more insight concerning the RCS surface states and thus
their potential reactivity with some ﬁssion products, a theoretical
study based on ab initio calculations has been started in IRSN. This
theoretical modelling aims to:
(1) Investigate the nature of the surface states, stainless steel
(304L) and Inconel 600, under H2, H2O and O2 atmospheres
at different temperatures. The most stable surface termina-
tions (surface stoichiometry) which characterise the chemi-
cal reactivity have to be deﬁned.
(2) Study the ﬁssion product reactivity with these terminations.
These two points are discussed in the following sections. The
main point before starting any modelling is to know the reference
surface; this means the oxide present on few Ångstrom (Å) layers
of the surface.
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papers (Arshed et al., 1997; Ishida et al., 1986) showed that the
surfaces of both stainless steel (304L) and Inconel 600 are mainly
constituted of chromium oxide, i.e. Cr2O3. Others pointed out the
presence of iron oxides (mainly haematite, Fe2O3). Experimental
work (Mamede et al., 2013), in collaboration with the laboratory
Unité de Catalyse et Chimie du Solide (UCCS), Lille 1 University,
has started to characterise the surface states under conditions rel-
evant to severe accident conditions. First results conﬁrm that the
main metal oxides present are chromium (III) oxide and haematite
which both have a hexagonal cell structure.
Concerning computational methods, density-functional theory
(DFT) calculations have been performed with the Vienna ab initio
Simulation Package (VASP) (Hafner, 2008; Kresse and Hafner,
1993; Kresse and Furthmüller, 1996). The wavefunction is
expanded in a plane wave basis set and the electron–ion interac-
tions are described using the projector augmented plane wave
(PAW) method Kresse and Joubert, 1999. The calculations were
performed with a cut-off energy of 600 eV, a Methfessel–Paxton
(Methfessel and Paxton, 1989) smearing with r = 0.1 eV and the
gradient corrected exchange correlation functional of Perdew,
Burke and Ernzerhof (PBE) Perdew et al., 1996. The atomic posi-
tions have been fully optimised until the forces acting on the atom
are smaller than 0.03 eV/Å within ﬁxed unit cells.
The meshes are a (777) k-point mesh for bulk cells, and a (331)
k-point mesh for surface cells which consisted of four hexagonal
bulk cells (2  2). The slab is composed of 5 metal double layers
that represent the bulk and 2 metal single layers on the surface.
A vacuum layer of 20 Å has been added to avoid interaction
between the slabs.
 Our calculations (surfaces stabilities and adsorption studies)
have been carried out within a symmetric slab, in order to avoid
any dipolar effect induced by vacancy formation or molecule
adsorption.
 The cells parameters have been kept ﬁxed to the experimental
value of the hexagonal cell (a = b = 5.035 Å, c = 13.747 Å for hae-
matite and a = b = 4.951 Å, c = 13.566 Å for chromia), whatever
the spin conﬁgurations. The positions of all the atoms were fully
optimised.
The two oxide structures, haematite Fe2O3 and chromia Cr2O3,
have been optimised.
The nature of haematite surfaces under steam, oxygen and
hydrogen atmospheres has been treated theoretically in previously
published work (Souvi et al., 2013). To study the oxygen atmo-
sphere effect on haematite surfaces, ten terminations have been
built, varying from very poor to very rich in oxygen. At high tem-
perature, the modelling work shows that haematite does notFig. 8. Mono hydrogenated, mono oxygenated and bare surfaces respectively, the red, wh
respectively.accept any oxygen addition or subtraction and the bare surface
remains the most stable termination independently of the oxygen
pressure. Even if steam is less oxidising, steam has a similar inﬂu-
ence as the oxygen, and haematite surface does not react with
steam at high temperature. Haematite can be reduced by hydro-
gen, the hydrogenated surface remaining stable, even at high tem-
perature (900 C).
Therefore, only bare and mono-hydrogenated haematite sur-
faces have to be considered for further reactivity studies; see
Fig. 8 for a representation of their structures.
Similar studies were performed for Cr (III) oxide and complete
results will soon be published elsewhere. Unlike for haematite,
the oxidation is more favoured than the reduction, and in severe
accident conditions, only bare and mono oxidised chromia surfaces
(chromyl) should be considered in the next step.
6.2. Reactivity versus ﬁssion products
This point is rather extensive and suggests investigating all the
ﬁssion product reactivities with different surfaces, here bare and
mono hydrogenated haematite surfaces and bare and mono-oxy-
genated chromia surfaces. One should also take into account the
reactions activated by these surfaces.
Although more detailed and complete data will be published in
a separate paper, here some results are shown for Cs2 and CsI mol-
ecules because caesium is well known to be potentially
revolatilised.
Some reactions were investigated involving Cs components
whose stoichiometry can be written as follows:
Surf þ 0:5Cs2 ! Surf  Cs
Surf þ CsI! Surf  CsI
Surf  Csþ 0:5 I2 ! Surf  CsI
Surf  Cs þ 0:5 I2 ! Surf þ CsI
The Gibbs energy of these reactions, see Fig. 9, is obtained at
zero temperature directly from ab initio calculations. The effect of
highest temperatures and gas reactant partial pressure can be
taken into account via some thermodynamic extrapolations, as
detailed in Methfessel and Paxton (1989).
6.2.1. Caesium dimer adsorption: Surf + 0.5Cs2? Surf  Cs
At this stage the reactivity of four surfaces, earlier designated as
the most stable are investigated as compared to the pure caesium
dimer.
In this, as well as in the next ﬁgures, the pink, brown, green and
red lines correspond to adsorption onto bare haematite, hydroge-ite and yellow balls stand for oxygen, hydrogen and metal (iron or chromium) atoms
Fig. 9. The Gibbs energy, at different temperatures, of caesium adsorption on the most stable surfaces.
Fig. 10. The Gibbs energy, at different temperatures, of CsI adsorption on the most stable surfaces.
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respectively. The blue horizontal line corresponds to the reference
(Gibbs energy of surface plus the gas; that is, the left part of the
equation: Surf + 0.5 Cs2? Surf  Cs).
Fig. 9 shows that at room temperature the caesium adsorption
is thermodynamically possible onto all surfaces. While increasing
the temperature, the revaporisation is rapidly allowed from the
chromia bare surface and later at T > 627 C (900 K) from the
hydrogenated haematite surface. Even at very high temperature
the caesium adsorption remains favoured at the bare haematite
and oxygenated chromia surfaces.
6.2.2. CsI adsorption: Surf + CsI? Surf  CsI
At room temperature the CsI molecule is thermodynamically
adsorbed onto all surfaces, except for the oxygenated chromia
one. When increasing the temperature, the revaporisation of CsI
becomes progressively enabled from bare chromia, hydrogenated
haematite and bare haematite surfaces respectively. Beyond
927 C (1200 K), the CsI adsorption is not thermodynamically pos-
sible anymore, see Fig. 10.
6.2.3. I2 adsorption on surface with adsorbed caesium: Surf  Cs + 0.5
I2? Surf  CsI
The ﬁrst observation is the non-reactivity of I2 vis-à-vis the cae-
sium atoms deposited on the oxygenated chromia surface. At room
temperature, our modelling predicts for the three other surfaces a
systematic adsorption of iodine dimer, even at very low pressure.
Beyond 627 C (900 K) the revaporisation of I2 become thermody-
namically allowed from bare and hydrogenated haematite sur-
faces. This revaporisation is very likely favoured for temperatures
higher than 927 C (1200 K), whatever the surface considered,
see Fig. 11.6.2.4. caesium revaporisation activated by iodine:
Surf  Cs þ 0:5 I2 ! Surf þ CsI
As shown in Fig. 12, the activated revaporisation of CsI is ther-
modynamically favoured from bare chromia and hydrogenated
haematite surfaces regardless of the temperature and partial pres-
sure ratio between I2 and CsI gases. Revaporisation becomes possi-
ble from bare haematite and oxygenated chromia surfaces at
temperatures around 627 C (900 K). Beyond 927 C (1200 K), this
revaporisation is less and less favoured.
One notes the agreement of these results with certain experi-
mental observations (concerning the sample V14 of stainless steel,
304L). Similar work is underway to investigate the effect of H2, IH,
OH and H2O on caesium revaporisation on representative SS 304L
surfaces.
6.3. Summary of ‘ab inito’ modelling work
(1) The oxygenated chromia surface is a strong caesium catcher,
regardless of the temperature. It does not react with CsI at
all;
(2) The bare haematite surface favours caesium adsorption even
at high temperature. Once the caesium is adsorbed, iodine
adsorption becomes possible for temperatures lower than
627 C (900 K). This iodine adsorption is followed by CsI
revaporisation beyond 327 C (600 K). In other words, even
if the caesium can remain adsorbed on this surface up to
very high temperatures, in presence of traces of iodine reva-
porisation is ensured beyond 327 C (600 K);
(3) For the hydrogenated haematite and bare chromia surfaces,
a similar revaporisation mechanism, catalysed by iodine is
possible. Furthermore, at very high temperatures the reva-
porisation of caesium dimer is thermodynamically favoured.
Fig. 11. The Gibbs energy, at different temperatures, of iodine adsorption on surfaces with adsorbed caesium.
Fig. 12. The Gibbs energy, at different temperatures, of caesium revaporisation activated by iodine.
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The 3 different approaches have yielded considerable informa-
tion about the revaporisation effect and its role in a extending the
source term in a severe nuclear accident: these have been (a) exam-
ination of complex irradiated deposits, (b) analysis of other ﬁssion
product effects on iodine chemistry and transport, (c) modelling
of simple interfaces to see the surface effects on FP chemistry.
For the revaporisation tests at ITU Karlsruhe using deposits
from Phébus FPT3, it has been shown that Cs deposits can undergo
revaporisation under both oxidising and reducing conditions at
between 60% and 95% commencing at 550 C and continuing up
to 1000 C from various substrates. Air atmosphere causes a rapid
revaporisation; reducing conditions (Ar–6.5%H2) can cause also
result very rapid revaporisation.
These results conﬁrm other ﬁssion product elements able to
form volatile species under different atmospheres can undergo
revaporisation in the temperature range 500–1000 C. Particularly
Te is as susceptible to revaporisation (under both oxidising and
reducing conditions) as Cs. Mo is also conﬁrmed as a ﬁssion prod-
uct capable of revaporisation when oxidising conditions occur.
Changes of atmosphere were seen to sometimes trigger a very
rapid change in ﬁssion product chemistry and result in immediate
revaporisation of Cs (as well as other ﬁssion products). Boron can
revaporise under atmospheric or temperature changes. With the
large amounts present in emergency core cooling systems as neu-
tron absorber, it can dramatically alter the ﬁssion product chemis-
try and its voluminous deposits could also cause blockages in the
small diameter piping. The Knudsen cell data also gives similar
trends of volatility for many ﬁssion products and thus indicates
that revaporisation will be a general phenomenon in severeaccident scenarios. The results also indicate that boron revaporises
as an oxide (e.g. B2O3) at the same temperature range.
In the EXSI-PC tests at VTT, the release of iodine mixed with
other reactor or ﬁssion elements (Cs, Mo, Ag and B) in the primary
circuit conditions at 400 C, 550 C and 650 C temperatures was
examined. A very signiﬁcant fraction (mostly > 50%) of iodine
seemed to be released and transported in gaseous form at low tem-
perature regardless of the precursor mixtures used. This surprising
observation suggests that the FP deposits on the surfaces of pri-
mary circuit may act as a source of volatile iodine for a long period
after the beginning of the severe accident. This data can help model
the fraction and timing of iodine release into the containment
atmospheres.
Finally the theoretical modelling studies have started in IRSN
using ab initio approaches. Given the lack of detailed data on sur-
face interactions, these modelled the reactivity of the deposited ﬁs-
sion products with selected metallic surfaces. These are showing
promising results concerning caesium & iodine revaporisation for
stainless steel 304L surfaces. It is proposed to extend this approach
to Inconel surfaces. The ﬁnal aim of this work is to develop models
suitable for inclusion in the ASTEC severe accident analysis code.
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